Received for publication 17 January 1969 We have found that Serratia marcescens strain P & S is bacteriocinogenic. However, the phenotypic expression of bacteriocin activity depends upon the temperature at which the cells are grown. When the organism is grown at 30 to 37 C, no bacteriocin activity can be demonstrated, whereas when it is grown at 39 C bacteriocin activity is readily observed. It appears that the P & S strain concomitantly synthesizes a bacteriocin and a substance which not only can inactivate the bacteriocin but also has a high activation energy for inactivation. This inactivator readily loses its activity when heated at 39 C for 1 hr. Two mutants were isolated from the P & S strain which can produce active bacteriocin when grown at temperatures from 30 to 39 C. It is significant that these mutants have considerably less bacteriocin inactivator. The data suggest that the inactivator is an extracellular protease. The ability of one of these mutants, JF58-12, to produce active bacteriocin at temperatures between 30 and 39 C is a stable property, whereas in the other mutant, JF48W, this property is unstable. JF48W was selected from the P & S strain in two steps: first a streptomycin-resistant variant (strain A-10) was isolated and from this mutant a strain (JF48W) was isolated which not only synthesized little of the inactivator but also did not synthesize the red pigmnet prodigiosin. This latter pleiotropic mutant appears to revert in one step to a phenotype similar to the P & S strain, since it is streptomycinsensitive and produces prodigiosin and normal amounts of inactivator and the demonstration of bacteriocin activity is temperature-dependent.
In the preceding paper (2), we described some of the characteristics and the activity spectrum of a bacteriocin (3, 7) elaborated by Serratia marcescens JF58-12, which is derived from wild-type S. marcescens P & S. Bacteriocins in the genus Serratia were first described by Hamon and Peron in 1961 (5) . Among the bacteriocinogenic Serratia, they found some strains producing at least two bacteriocins. These bacteriocins could be distinguished both by their activity spectra and their sensitivity to trypsin (8, 11) . Serratia strains are known to synthesize and excrete proteinases vigorously from the start of growth (1, 9, 12 inactivate the bacteriocins sensitive to trypsin, but stated that the protease did not greatly hinder the action of these bacteriocins on ultraviolet (UV)-induced cultures.
We found that in S. marcescens P & S bacteriocin activity can be demonstrated only when the cells are grown at 39 C but not when they are grown between 30 and 37 C. Two mutants (JF48W and JF58-12) were isolated from the P & S strain in which bacteriocin activity is observable when the cells are grown at any temperature between 30 and 39 C. An explanation of these different properties was sought. This paper deals with our investigation of this temperature dependence of bacteriocin activity among these different strains. It appears that the wild type concomitantly synthesizes a bacteriocin and an inactivator which has a high activation energy for inactivation, whereas the mutant strains produce far less of this heat-labile inactivator. The colorless mutant JF48W, which appears to be pleiotropic, readily reverts to the wild type.
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MATERIALS AND METHODS Bacteria. S. marcescens P & S was obtained from S. Tannenbaum. The isolation of JF58-12 after UV irradiation of the P & S strain was described in the accompanying paper (2) . The bacteriocin-sensitive indicator strain Escherichia coli Row was obtained from P. Fredericq as were the colicinogenic E. coil strains K235 and CA42.
The JF48W strain was isolated in a two-step procedure from the P & S strain. Approximately 109 cells from a culture of the P & S strain were spread on a nutrient agar-streptomycin (600 ,ug/ml) plate, and a streptomycin-resistant mutant of the P & S strain was picked and purified. This mutant, labeled A-10, produced prodigiosin and, similar to the P & S strain, produced demonstrable amounts of bacteriocin only at 39 C. A spontaneous mutant of the A-10 strain which did not produce prodigiosin was picked and labeled JF48W. The JF48W mutant is resistant to streptomycin (strr), does not produce prodigiosin (prod-), and produces demonstrable bacteriocin at temperatures between 30 and 39 C (BC++). The JF48W strain grows relatively slowly compared to the wild type. Its generation time in broth at 37 C is 58 min, whereas the generation time of the P & S strain is 27 min under the same conditions.
Media. The nutrient agar, Penassay Broth, top agar, and minimal "C" medium used in these studies have been previously described (2) . Streptomycin plates were prepared by adding 600 ,ug of streptomycin sulfate per ml to nutrient agar plates.
A medium described by Castaneda-Agullo (1) was used to prepare solutions of bacteriocin inactivator. This medium is referred to as the gelatin medium and was prepared as follows. A 1.54-g amount of gelatin (Difco) was dissolved in 100 ml of distilled water and the pH was adjusted to 6.5. The solution was sterilized by heating to boiling and incubating in a boiling-water bath for 30 min. The hot gelatin solution was immediately diluted 1/100 into sterile medium of the following composition: KH2PO4, 0.375 g; ammonium citrate, 0.625 g; Na2CO3 (anhydrous), 0.375 g; NaCl, 0.25 g; MgSO4, 0.125 g; glycerol, 6 .25 ml; water, to 1,000 ml; pH, 6.25.
Determiniation of prodigiosin synthesis. Cells to be tested for synthesis of the red pigment, prodigiosin, were diluted in saline and spread on the surface of nutrient agar plates. After overnight incubation at 30 C, the colonies could readily be scored as red (prodigiosin-positive or prod+) or white (prodigiosinnegative or prod-). It should be pointed out that the scoring for prodigiosin synthesis was done only with surface colonies, because all colonies overlaid with agar do not produce sufficient prodigiosin to be scored as positive.
Preparation of bacteriocins. Bacteriocin solutions were prepared from S. marcescens JF58-12 as previously described (2). Colicin K was prepared from E. coli K235 by the method of Goebel and Barry (4), and purified colicin E2 from E. coli CA42 was prepared by the method of Reeves (10) . All bacteriocin preparations were stable at 4 C for at least 1 month.
Titration of bacteriocins. The titer of bacteriocin solutions was determined as previously described (2) . Demonstration of bacteriocin activity by colonies of S. marcescens. The bacteriocin activity was determined by the agar layer technique described by Fredericq (3). The plates containing the Serratia cells in a layer of top agar were initially incubated at different temperatures for 36 to 48 hr before the indicator strain (E. coli Row) was added in a layer of top agar. After further incubation for 12 to 24 hr at 37 C, the bacteriocin activities of the colonies could be scored. Colonies which synthesized demonstrable amounts of bacteriocin were surrounded by a clear zone, because within this area the growth of the indicator strain was inhibited.
Colonies of cells (i.e., P & S strain) which produce zones of inhibition when grown at 39 C and no zones of inhibition when grown at 30 to 37 C appeared to have a variable phenotypic expression of bacteriocin activity and this property is referred to as BC-+.
Preparation of bacteriocin inactivator. Solutions containing an inactivator of the bacteriocin were prepared from cultures of the P & S strain by following the method of Castaneda-Agullo for the preparation of an extracellular protease from S. marcescens (1) . This method takes advantage of the fact that the synthesis of the extracellular protease is induced by gelatin.
A 20-ml culture of the P & S strain was grown in broth at 33 C to late log phase (5 X 108 cells/ml), centrifuged, washed once with gelatin medium, and resuspended in 20 ml of gelatin medium. The culture was incubated at 33 C for 5 hr and then centrifuged. The supernatant fluid was sterilized by filtration through a membrane filter (type HA, 0.45 Am; Millipore Corp., Bedford, Mass.). The resulting solution was able to inactivate the bacteriocin and was at least 10-fold more active in this regard than the supematant fluid prepared from a broth culture of the P & S strain.
Heat lability and assay of the bacteriocin inactivator. The bacteriocin-inactivating activity of a solution, prepared as described above, was measured after serial 10-fold dilutions with 0.01 M phosphate buffer, pH 7.0. To determine the heat lability of the bacteriocin inactivator, the solutions of the enzyme in phosphate buffer were kept at various temperatures for different lengths of time before the addition of a colicin solution. A 1.0-ml amount of the heated bacteriocin inactivator solution was mixed with 1.0 ml of an aqueous solution of colicin K (1 mg/ml, 2,048 units/ml), and the solution was incubated at 25 C for 5 min. The reaction was stopped by heating at 80 C for 1 min to destroy the bacteriociri inactivator. The colicin K titer was stable to this heating process (4) .
RESULTS
Dependence of bacteriocin activity upon temperature of incubation. The bacteriocin activity of S. marcescens P & S, as measured by scoring the zones of inhibition of growth of the indicator strain, varied with the incubation temperature of the assay plates. Colonies of the P & S strain grown at temperatures between 30 and 37 C failed to produce the inhibition zones seen around 662 BACTERIOCIN AND BACTERIOCIN INACTIVATOR colonies grown at 39 C (Table 1) . However, colonies of the mutant strains JF58-12 and JF48W produced zones of inhibition at all of these temperatures. Since the genotype for bacteriocin synthesis appears to be stable in the P & S strain, for all colonies grown at 39 C produced this zone of inhibition regardless of previous growth conditions, another explanation for the lack of demonstrable bacteriocin activity for the P & S cells grown at 30 to 37 C was sought.
Demonstration of bacteriocin inactivator. We observed that, although colonies of JF58-12 grown at 35 C were always surrounded by a zone of inhibition, the zone was absent when the colonies were in close proximity to a colony of P & S cells on the surface of the agar. This suggested that the surface colony of P & S cells produced a substance which inactivated or inhibited the bacteriocin. We found that a bacteriocin inactivator was also present in liquid culture media in which the P & S strain was grown, and solutions containing high levels of this activity were prepared as described above. the inactivator having a high activation energy for inactivation.
Heat lability of the bacteriocin inactivator. The heat lability of the bacteriocin inactivator was tested by heating solutions containing this activity at various temperatures for different lengths of time. The bacteriocin was very heatlabile and loss of activity occurred over a narrow range of temperature (Table 3) . Thus, after 30 min at 37 C the bacteriocin inactivator remained essentially fully active, whereas heating for the same period of time at 39 and 41 C destroyed 25 and 100% of the activity, respectively. Heating for 60 min at 39 C caused complete loss of bacteriocin-inactivating activity. This suggested that the absence of a zone of inhibition around colonies of the P & S strain grown at 30 to 37 C may have been due to the destruction of active bacteriocin by a thermolabile substance produced by the same cells. This conclusion is supported by the experiment illustrated in Fig. 1 On two plates containing a similar number and distribution of cells, a circle of ifiter paper (2.4 cm in diameter) was placed for 2 hr. Each of the filter papers was wetted with a solution of the bacteriocin inactivator. On plate a there were no zones of inhibition in the center of the plate because the inactivator solution which wetted the filter paper was not heated previously, whereas in plate b zones of inhibition were found throughout the plate because the inactivator solution which wetted the filter paper was heated previously for 1 hr at 39 C. This indicated that the inactivator was readily heatinactivated.
It is of interest to note that the medium in which the JF48W and JF58-12 strains were FOULDS AND SHEMIN grown contained 0.01 to 0.1 of the inactivator activity of that found in the medium of the P & S strain and that the P & S strain elaborated at least 10 times more inactivator when grown in the gelatin medium.
Reversion of JF48W to the P & S phenotype. On growth of S. marcescens JF48W (strr, prod, BC++, generation time of 58 min), the cells reverted to a phenotype which resembled that of the P & S strain (stra, prod+, BC-+, generation time of 27 min). This reversion was readily demonstrable by the occurrence of red papillae in colonies of JF48W and red colonies were found in a streak of a broth culture of JF48W. When cells from the red papillae or red colonies were purified and tested, they were always found to be sensitive to streptomycin (strs), to be prodigiosin-positive (prod+), to produce zones of inhibition when tested for bacteriocin activity at 39 C but no zones of inhibition when tested for bacteriocin activity at 30 to 37 C (BC-+), and to have a generation time of approximately 27 min. Clones from the revertants remained stable and could not be differentiated from the original P & S cells.
Along with the growth of JF48W cells in broth, the percentage of cells which gave rise to colonies surrounded by a zone of inhibition, when tested for bacteriocin activity at 29 and 32 C, decreased with time (Table 4) . Concomitant with this loss of the revertant ability of cells to kill sensitive   FIG. 1 . Comparison of the ability of heated (39 C) and unheated bacteriocin inactivator solutions to destroy bacteriocin produced by JFS8-12 in agar plates. The plates were prepared by seeding 2.5 ml to top agar with approximately 100 cells from a fresh culture of JFS8-12. The plates were overlaid with a second layer of 5 ml to top agar and the surface was sterilized with CHC13 vapor. After 48 hr of incubation at 35 C, 0.05-ml samples of the undiluted bacteriocin inactivator solution were spotted onto 2.4-cm circles offilter paper that had been placed in the center ofthe plates. The area where thefilters were placed is indicated by the dashed lines. The plates were incubated for 2 hr at 30 C to allow the bacteriocin inactivator to diffuse into the agar and then the filter papers were removed. The plates were then overlaid with a third layer of top agar (2.5 ml) containing approximately 107 cells of E. coli Row. After a final incubation of 12 hr at 35 C, the plates were examined for zones of inhibition. The bacteriocin inactivator solution spotted on plate a had been stored at 4 C, whereas the solution spotted on plate b had been preincubated at 39 C for I hr. The distribution of colonies on the two plates is similar. The white dots are the colonies ofthe JF58-12 strain. Since JF48W is characterized as being BC++ and prod' and reverted to a strain which is BC-+ and prod+, it was of interest to set up an experiment to test whether one can score the number of prod or prod+ cells by scoring the number of cells which give rise to zones of inhibition as a result of bacteriocin activity at different temperatures.
In the experiment described in Table 5 of inhibition at the other temperatures was in good agreement with the fraction predicted with the data from the pure cultures (Table 5) .
DISCUSSION
The bacteriocin synthesized by S. marcescens P & S is demonstrable in cells grown at 39 C but not in cells grown at 30 to 37 C. This seems to be readily explainable by our finding that the cells concomitantly produce a bacteriocin and an inactivator and that the inactivator has a high activation energy for inactivation. This heat lability explains the finding that the bacteriocin forms a zone of inhibition when cells are grown at 39 C, whereas no zones of inhibition are found with cells grown at temperatures of 30 to 37 C. The high activation energy for inactivation characteristic of this inactivator is supported by the experiments outlined in this paper. The inactivator appears to be a protease, since it inactivates colicin E2 which is a protein (6, 11) and S. marcescens is classified as a typical proteolytic bacterium (12) . The formation of zones of inhibition by the P & S strain grown at 20 to 25 C, although variable, may be due to a slower rate of inactivation of the bacteriocin at these lower temperatures or to a decrease in the rate of synthesis of the inactivator. The mutant strains JF48W and JF58-12, which produce demonstrable amounts of bacteriocin (zones of inhibition) when they are grown at temperatures from 30 to 39 C, produce far less of the inactivator at all temperatures.
It is worth noting that the JF48W strain was selected from the P & S strain in a two-step mutational selection. The apparent one-step reversion of JF48W (strr, prod, BC++, generation time of 58 min) to a phenotype which resembles that of the P & S strain (stre, prod+, BC-+, generation time of 27 min) is rather difficult to explain. The revertants also produced inactivator in amounts similar to those found with the P & S strain, that is 10 to 100 times more inactivator than the mutant JF48W. Recently, a similar pleiotropism was observed in another strain of S. marcescens. Mutants which were selected to produce 10% or less of wild-type proteinase were invariably colorless (C. J. Decedue et al., Bacteriol. Proc., p. 1969 ).
